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Generation of non-Gaussian quantum states of macroscopic mechanical objects is key to a number
of challenges in quantum information science, ranging from fundamental tests of decoherence to
quantum communication and sensing. Heralded generation of single-phonon states of mechanical
motion is an attractive way towards this goal, as it is, in principle, not limited by the object size.
Here we demonstrate a technique which allows for generation and detection of a quantum state
of motion by phonon counting measurements near the ground state of a 1.5MHz micromechanical
oscillator. We detect scattered photons from a membrane-in-the-middle optomechanical system
using an ultra-narrowband optical filter, and perform Raman-ratio thermometry and second-order
intensity interferometry near the motional ground state (n¯ = 0.23±0.02 phonons). With an effective
mass in the nanogram range, our system lends itself for studies of long-lived non-Gaussian motional
states with some of the heaviest objects to date.
INTRODUCTION
Single photon Raman scattering from a system initi-
ated at or near its quantum ground state is a powerful
method for generation of highly non-classical states. Ad-
dition or subtraction of a countable number of excitations
is a common way to generate Fock states or Schrödinger
cat states [1–5]. Of particular interest are situations
where such operations are carried out by optical pho-
ton scattering from material systems with long coherence
times, combined with high photon counting efficiency [6],
since the memory capability effectively converts the her-
alded system into a deterministic source of single quanta.
Indeed, heralded schemes have been used to great ef-
fect in atomic systems [7, 8], where fidelities and gen-
eration rates have improved steadily over the past few
decades [9–12]. In the meantime, quantum systems based
on mechanical resonators have shown great promise in
the context of quantum transduction and communica-
tion, with devices exhibiting millisecond coherence times
emerging in recent years [13]. As a natural step in ex-
panding the toolbox available to cavity optomechanical
systems, heralded schemes have recently been developed
and implemented for mechanical devices [14, 15], serving
as a fundamentally new source of single quanta, namely
phonons. In parallel, recent advances in quantum elec-
tromechanics have also allowed for generation of highly
non-classical states of motion [16]. Apart from applica-
tions in quantum information processing, where phonons
can be mapped onto flying qubits, such non-Gaussian
states of macroscopic mechanical resonators [17] have
been suggested as a way to study gravitational decoher-
ence processes [18–21].
Here we report on a system which combines a number
of versatile capabilities relevant for those applications.
We realize phonon counting measurements [22] of a sin-
gle high-Q mechanical mode of motion of a membrane
resonator [13, 23–25] in an optical cavity (see Fig. 1).
Thanks to cavity-based engineering of the optomechan-
ical coupling, the interaction of light and mechanics is
effectively dominated by a beamsplitter-like interaction
between phonons and anti-Stokes photons:
HˆBS ∝ bˆaˆ†AS + bˆ†aˆAS , (1)
which leads to an exchange of optical and mechanical
quanta, equivalent to anti-Stokes scattering of pump pho-
tons. This strong conversion of phonons into photons is
the mechanism that both cools the mechanical resonator
and maps its state onto light. Due to finite sideband
resolution of the optomechanical cavity, there exists a
small amount of two-mode squeezing interaction between
phonons and Stokes photons (∝ bˆ†aˆ†S+bˆaˆS), as illustrated
in Fig. 1(d). This process introduces a small amount of
heating that limits the minimum possible occupation of
the mechanical oscillator under optical cooling [26]. In
practice, however, frequency-resolved detection of Stokes
and anti-Stokes photons, particularly for low-frequency
mechanical oscillators, is challenging due to the presence
of numerous nearby mechanical modes and a strong op-
tical pump field.
Here we address this challenge with an ultra-
narrowband spectral filter based on four cascaded free-
space Fabry-Pérot cavities. This filter provides extremely
efficient suppression (> 155 dB) of the Raman pumping
light combined with highly selective detection of Stokes
or anti-Stokes photons (Fig. 1(a,b)) detuned from the
pump laser by the mechanical frequency. Importantly,
the filter system efficiently suppresses other sources of
spurious signals, such as nearby mechanical modes.
The excellent passive stability and high transmission
of the system (30% through the cascaded filter system),
as well as robust and easily reproducible implementation
of the filter cavity design, allow us to select sideband
photons scattered by a single high-Q mechanical mode.
In parallel, we are able to perform high-efficiency hetero-
dyne detection of sideband photons, thus demonstrating
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2capabilities for versatile state engineering and character-
ization in both continuous-variable and discrete-variable
domains. Using the narrowband properties of the filter
system, we perform Raman-ratio thermometry of a mem-
brane resonator [27] by counting scattered Stokes- and
anti-Stokes photons, and demonstrate the efficiency of
this method for characterizing the effective mode temper-
ature and coherence properties near the motional ground
state. Finally, we analyze statistical properties of the
Raman-scattered light and show single-mode thermal
statistics with a coherence time matching the dynam-
ical optical broadening of the mode, thus verifying its
spectral purity.
The mechanical system employed here is a soft-
clamped membrane resonator [24] which has recently
emerged as a viable platform for generation and storage
of long-lived quantum states [13]. Already at moderate
cryogenic temperatures, these resonators show millisec-
ond coherence times. When combined with high detec-
tion efficiencies [25], which is necessary for optical quan-
tum state tomography [28], a membrane-in-the-middle
system based on soft-clamped resonators lends itself ideal
for studies of non-Gaussian states of motion [29]. How-
ever, the inherent multimode nature of these resonators
poses a major challenge in this pursuit, since mechan-
ical modes in close proximity to the mode of interest
(less than 50 kHz away) require strong spectral filtering.
As a consequence, all major experiments in the MHz-
frequency regime have thus far relied on homodyne or
heterodyne detection, and photon counting techniques in
optomechanics remained exclusive to the GHz-frequency
systems [22].
EXPERIMENTAL SETUP
Optomechanical system
In the following section we describe our implementa-
tion of a system enabling phonon counting in the MHz-
frequency regime. Here, we use a soft-clamped silicon
nitride membrane resonator as our mechanical system.
The membrane resonator is 12 nm-thick, square-shaped
with 3.1mm-long edges, and is patterned with a phononic
crystal structure, which includes a defect (∼ 200 µm in
diameter) in the center of the membrane [24]. As shown
in Fig. 1(c), the defect hosts a localized radial vibrational
mode at a mechanical frequency of Ωm/2pi = 1.48 MHz,
which lies within the bandgap of the phononic structure.
Soft-clamping and dissipation dilution provide a mechan-
ical quality factor Q = Ωm/Γm = (380± 10)× 106 for
this defect mode, which has an effective mass of ∼ 2 ng.
The membrane is inserted into a high-finesse (F ≈ 22000,
linewidth κ/2pi = 2.75 MHz) optical cavity with single-
photon coupling rate of g0/2pi ≈ 50 Hz. The cavity is
placed inside a liquid helium flow cryostat. Under these
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FIG. 1. Experimental setup showing (a) the optomechani-
cal cavity optically coupled to (b) four narrowband filtering
cavities and subsequently directed to the single-photon de-
tector (SPCM) or a balanced heterodyne detector (HD). The
optomechanical cavity is locked using a small portion of trans-
mitted drive light (orange), with feedback provided by a PI
controller connected to a piezo transducer. Filtering cavities
are locked using an auxiliary beam (violet), as described in
Supplementary Material. The filtered light (green) can be
detected with photon counting (SPCM) or heterodyne detec-
tion (HD). Panel (c) shows the structure of the membrane
with the defect in the center of the phononic crystal structure
containing the high-Q mode of interest. Colormap represents
the displacement amplitude of the mode, with green and red
corresponding to opposite signs of the displacement. In (d)
we show the relevant frequencies with respect to the optical
resonance (gray): optical drive (black) and Stokes and anti-
Stokes sidebands (red and blue, exaggerated in comparison
with drive).
conditions, the linewidth of the cavity is sufficiently small
to allow for ground-state sideband cooling, where a min-
imum achievable occupation of ∼ 0.18 phonons is given
by the back-action limit [30].
The cavity is pumped at a wavelength of λ ∼ 852 nm
using a continuous-wave Ti:Sapphire laser (M Squared
SolsTiS) allowing low-phase-noise operation. The laser
drive is detuned to the red side of the cavity response in
order to enable cooling and readout [30].
Our optomechanical membrane-in-the-middle system
allows reaching quantum cooperativities of Cq =
4g2/Γmκn¯th ∼ 100 [13], with n¯th being the phonon bath
occupation and g being the light-enhanced optomechan-
ical coupling g = g0
√
n¯cav, where n¯cav is the intracavity
photon number of the drive light. In our case the bath
phonon number is n¯th ≈ kBT/~Ωm ≈ 1.3× 105 due to
the membrane substrate thermalization temperature es-
3timated to be T ≈ 9 K. Combined with a long energy
decay time of T1 = 1/ΓM ≈ 40 s, we estimate a deco-
herence time of T2 = 1/(n¯thΓM) ≈ 300 µs, which corre-
sponds to the average time for one phonon to enter the
high-Q mode from the thermal bath. Simultaneously,
we achieve high scattered photon out-coupling efficiency
of ∼ 70% via properly engineered over-coupling. Similar
systems have been used in experiments in the continuous-
variable domain [13, 25, 31].
We characterize the optomechanical system by phase-
modulating the drive light in a frequency range that cov-
ers the cavity resonance. This allows us to determine
the cavity parameters, such as detuning ∆ and opti-
cal linewidth κ. Furthermore, we use the same sweep
to characterize the mechanical response based on the
optomechanically-induced transparency (OMIT, see Ref.
[32]), which allows us to precisely determine the me-
chanical frequency Ωm, light-enhanced coupling rate g
and optomechanical broadening Γopt. These parameters,
when combined with the knowledge of the outcoupling
efficiency and the amount of transmitted optical power,
allow us to estimate the mean intracavity photon number
n¯cav and hence the single-photon coupling rate g0.
Filtering system
The light emerging from the optomechanical cavity
consists of the unscattered pump light (carrier), as well as
the Stokes and anti-Stokes sidebands generated by me-
chanical motion. The sidebands generated by the me-
chanical mode of interest are not only close to the carrier
frequency (merely 1.48MHz away), but are also signifi-
cantly weaker. The latter is due to the fact that the prob-
ability of Raman scattering for a mechanical resonator in
the ground state is 4g20/κ2 < 10−8 [29]. In addition, as
will be further discussed in the Results section, excited
out-of-bandgap vibrational modes of the membrane are
less than 70 kHz away from the mode of interest.
The combinations of these factors places very stringent
requirements on a filtering system that should be able
to fully isolate the photons scattered by the mechani-
cal mode of interest. Using a single Fabry-Pérot cavity
for this task would not be practical: a cavity linewidth
of 300Hz would be needed to achieve the barely suffi-
cient 80 dB of rejection at a detuning of 1.5MHz. Apart
from technical difficulties in implementation, such a filter
would become increasingly inefficient as the optical mode
becomes spectrally broader than 300Hz due to dynam-
ical backaction [30], which is bound to happen during
efficient optomechanical readout in our system. Finally,
the ∼ 0.5 ms time delay introduced by a filter with 300Hz
bandwidth would exceed the estimated ∼ 0.3 ms decoher-
ence time of our system, severely limiting our choices of
experimental protocols.
The difficulties above can be avoided by using a cas-
cade of several Fabry-Pérot cavities [14, 22]. The rejec-
tion of a series of optical filters grows exponentially with
the number of filters, being the product of the individual
rejections, while the time delay scales only linearly with
the number of cavities, being the sum of the individual
delays. And importantly, the passband of the composite
system remains sufficiently wide to accommodate broader
signals. This approach allows us to use optical cavities
with much more manageable linewidths.
Our filter system consists of four Fabry-Pérot cavities
positioned in series, with each cavity having a linewidth
of approximately 30 kHz. As described in more detail in
Supplementary Material, the filter system is locked to a
desired center frequency by sending an auxiliary locking
beam to the system and sequentially locking the cavi-
ties. During measurement, the locking light is temporar-
ily disabled to prevent saturation of the photon counter,
and the photon counting of the filtered signal can take
place. The intensity transmission of a single filter cav-
ity, normalized to a peak value of 1, is given by the
Lorentzian L(Ω) = 1/[1 + (2Ω/κf)2], where κf is filter
cavity linewidth and Ω is detuning from the filter’s res-
onance. The complete filtering system consisting of four
cavities is therefore expected to have a transmission of
L(Ω)4.
The output of the optomechanical cavity is fiber-
coupled to the input of the first filter as shown in Fig.
1(b). At the end of the filter array we position a single-
photon counting module (SPCM, avalanche photodiode
COUNT-20C from Laser Components). The filter can
then be tuned to observe either anti-Stokes (∆f = Ωm)
or Stokes (∆f = −Ωm) emission. A mechanical shutter
[33] is used to isolate the photon counter from the strong
locking light present when the cavities are being actively
locked.
The characterization of the filter system is done at
lower frequencies by applying phase-modulation side-
bands on the incoming resonant light. By measuring the
output from the filtering system with heterodyne detec-
tion, we recover both the resonant drive and the highly
attenuated sidebands, which allows us to calculate the
rejection of the whole filtering system with no need for
additional calibration. As shown in Fig. 2, the rejection
of the system is enough to strongly suppress (> 30 dB)
the spurious mechanical modes which are only tens of
kHz away from the high-Q mode. In addition, the strong
optical drive detuned by the mechanical resonance fre-
quency of ≈ 1.5 MHz is estimated to experience a much
greater attenuation of > 155 dB, as given by the L(Ω)4
model. This makes the drive completely negligible com-
pared to the scattering by the mechanical resonator.
For resonant light, the filter system has a transmis-
sion of ∼ 30%, currently limited mostly by losses at cav-
ity mirrors and polarization optics. We believe that an
overall transmission of 50% should be possible by im-
proving the cavity incoupling efficiencies and transmis-
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FIG. 2. Rejection of the cascaded filtering system as a func-
tion of detuning, where the L(Ω)4 model (violet) closely fol-
lows the measured response (gray). For frequencies above
200 kHz the heterodyne signal becomes too weak to measure,
but is expected to continue following the L(Ω)4 response.
sion between cavities, with further improvements requir-
ing cavity mirrors with lower intrinsic losses.
RESULTS
Detection of filtered mechanical sidebands
Unfiltered optomechanical spectra can be easily and
efficiently measured using direct detection, i.e. using a
single photodiode placed directly at the output of the
optomechanical cavity. This is due to the fact that the
cavity transduces membrane motion into light intensity
fluctuations when the optical drive is correctly detuned
[30]. As seen in Fig. 3(a), the spectrum consists of the
main high-Q mode surrounded by a phononic bandgap
and dense regions of modes outside of the bandgap.
In order to confirm the performance of the filtering
system, we apply it to the output of the OM cavity and
detect the filtered light with a heterodyne measurement.
The effect of filtering on the light spectrum is easily seen
on Figs. 3(b,c), where we tune the filter to be reso-
nant with distinct parts of the spectrum. When the fil-
ter is tuned to the main mechanical mode [Fig. 3(b)],
it efficiently isolates it from closely neighboring out-of-
bandgap modes, which is a necessary condition for single-
photon-based measurements. We can also select a part
of the spectrum containing many out-of-bandgap modes,
as in Fig. 3(c), which clearly reveals the envelope of the
filter system’s response.
In a different measurement, we direct the output of
the filtering system to the SPCM and lock the center fre-
quency at different detunings across the bandgap (Fig.
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FIG. 3. Filtering verified by heterodyne detection of fil-
tered light. (a) Power spectral density (PSD) of light emit-
ted directly from the cavity as registered by the direct-
detection photodetector. PSD is calibrated in shot noise
(SN) units. The spectrum shows the bandgap (between
roughly 1.42 MHz and 1.59 MHz) provided by the phononic
crystal structure and the high-Q mechanical defect mode at
Ωm/2pi = 1.48 MHz. The overlaid shaded curves are transmis-
sion functions L(Ω−∆f)4 of the filtering system positioned at
∆f = Ωm = 2pi × 1.48 MHz and at ∆f = 2pi × 1.69 MHz. (b)
and (c) show the PSD of filtered light, with the filter centered
on the high-Q mechanical defect mode frequency, (b) and on
the dense out-of-bandgap part of the spectrum (c). Note the
different scale between (b) and (c).
4). We observe greatly reduced photon scattering rates
inside the bandgap, and large scattering when approach-
ing low-Q out-of-bandgap modes that are strongly cou-
pled to the thermal bath. As a consistency check, we es-
timate the expected count rates by convolving the L(Ω)4
response of the filters with a directly measured spectrum,
where shot noise has been subtracted. The predicted and
measured rates are in good agreement, with visible un-
certainty only inside of the bandgap, where the scattering
is low and shot noise level estimation errors can lead to
increased uncertainties in the predicted count rate, as
shown in Fig. 4. The residual discrepancy at 1.51 MHz
is due to one of the higher-order defect modes that is very
weakly damped by light and prone to mechanical excita-
tion due to e.g. unstable liquid helium flow through the
cryostat. This mode does not affect the measurements
of the main mode, as shown on Fig. 3(b), as it is being
suppressed by the filter systems by 30 dB (see Fig. 2).
Importantly, when the filters are tuned to the main me-
chanical frequency, the relative photon flux contribution
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FIG. 4. Photon counting of anti-Stokes sidebands, as a func-
tion of filter detuning, with count rates registered by the
SPCM (blue dots), predicted count rates (solid blue line) with
uncertainty (shaded teal area) and scaled directly-measured
PSD (gray) for visual reference. The bandgap is effectively
observed via photon counting. The shaded gray vertical strip
shows the region surrounding the main mechanical mode.
of out-of-bandgap modes is expected to be less than 1%
compared to the photon flux due to the main mechanical
mode.
Raman-ratio phonon thermometry
An asymmetry between Stokes and anti-Stokes side-
bands is a direct signature of near-zero occupation of
the mechanical mode responsible for these sidebands. In
particular, the ratio of powers in the two sidebands can
be directly used to infer the residual phonon occupation
or, equivalently, the mode temperature. For mechanical
resonators in the MHz frequency range, the most com-
monly employed method for measuring sideband powers
has been heterodyne detection [26, 27, 34, 35]. In par-
ticular, it is fully sufficient to perform heterodyning of
photons scattered from red-detuned cooling light. In this
case, as cooling increases, the two sidebands move from
being asymmetric due to the optomechanical cavity re-
sponse, to being equally strong, indicating the balance of
Stokes and anti-Stokes scattering in the quantum back-
action dominated regime.
In the GHz mechanical frequency range, a more direct
method of measuring sideband power based on photon
counting (and thus effectively phonon counting) [22, 36]
has been demonstrated, where Stokes and anti-Stokes
photons are filtered and subsequently detected by a
single-photon detector.
This method is not affected by the local oscillator noise
[37], although it may suffer from dark counts of the pho-
ton counting detectors [22]. The calibration-free nature
of Raman-ratio thermometry, in both resonant and red-
detuned cases, is one of its advantages as compared to
the more commonly employed technique based on spec-
tral calibration using external phase modulation [38]. In
particular, one does not need to pre-calibrate the op-
tomechanical single-photon coupling rate strength g0. In
the context of our work, phonon counting thermometry
demonstrates the feasibility of efficient counting of single-
phonon excitations, a fundamentally non-Gaussian oper-
ation.
Here we apply the phonon counting thermometry tech-
nique to our Ωm/2pi = 1.48 MHz-frequency mechanical
mode. A single beam detuned from the optomechan-
ical cavity resonance by approximately optimal detun-
ing ∆/2pi = −1.85 MHz, is used to both cool the mem-
brane motion by dynamical back-action and simultane-
ously probe the system as it reaches the quantum back-
action dominated regime.
The transition rates for the mechanical system can be
calculated following Refs. [30, 39, 40] as:
A± = g20n¯cav
κ
(∆∓ Ωm)2 + κ24
, (2)
where + (−) denotes upward (downward) transitions in
the quantum harmonic oscillator ladder. The expected
Stokes and anti-Stokes rates are then given by:
ΓAS = n¯A−, ΓS = (n¯+ 1)A+, (3)
with the dynamical optical broadening given by
Γopt = A− −A+. Remarkably, in the ground state (n¯ =
0) the rates become highly asymmetric, regardless of A±.
The ratio between Stokes and anti-Stokes count rates is
unaffected by the overall system efficiency, thus we can
estimate the residual phonon occupancy from these rates
as:
n¯est =
RA+
A− −RA+
=
R((∆ + Ωm)
2 + κ2/4)
((∆− Ωm)2 + κ2/4)−R((∆ + Ωm)2 + κ2/4) ,
(4)
with R = ΓAS/ΓS. Notably, both g0 and the cavity
photon number n¯cav cancel out in the estimator. Other
parameters of the cavity are found via OMIT measure-
ments, as described in the Sec. 2.. The theoretical pre-
diction for the expected final phonon occupancy can be
calculated as:
n¯ =
A+ + n¯thΓm
Γopt + Γm
. (5)
In our case of Γopt  Γm, two regimes can be dis-
tinguished. In the thermally-dominated regime, cor-
responding to Cq  1, the ratio between the rates
is determined only by the cavity response, leading
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FIG. 5. Ground-state cooling measured by photon counting.
(a) Measured Stokes (red) and anti-Stokes (blue) scattering
rates as a function of optical broadening Γopt of the mechani-
cal mode and theoretical prediction with calibrated efficiency,
as given in the legend. At lower driving powers, correspond-
ing to smaller broadenings, the rates are set by the Lorentzian
cavity response (left inset). At higher driving powers we ob-
serve that asymmetry is reduced due to the mechanical oscilla-
tor approaching the ground state (right inset), with scattering
dominated by the quantum back-action. (b) Inferred thermal
occupation n¯est of the mechanical mode, along with the the-
oretical prediction (for bulk thermalization temperature of
T = 8.8± 0.5 K, which is the only free parameter in the fit)
and the back-action limit n¯ba (dashed horizontal line). Error
bars are inferred from statistical uncertainties from photon
counting and fitting of other parameters used in Eq. (4).
to R→ ((∆− Ωm)2 + κ2/4)/((∆ + Ωm)2 + κ2/4) and
ΓAS = n¯thΓm(1− 1/R)−1. In the sideband-resolved
regime, R → ∞ and the anti-Stokes rate becomes equal
to the phonon flux into the mechanical resonator com-
ing from the thermal bath. In the other extreme (i.e.
Cq  1) the two rates equalize and we have ΓS ≈ ΓAS →
g20n¯cavκ/(4|∆|Ωm) ∝ Cq, which shows that the scattering
rates of two processes become equal and are dominated
by quantum back-action.
We now proceed to demonstrate this behavior in our
experimental setting. Figure 5(a) demonstrates the mea-
sured Stokes and anti-Stokes rates both growing with
the intracavity photon number, quantified in terms of
induced optical broadening Γopt measured using OMIT.
For the lowest broadening of Γopt/2pi = 255 Hz we ob-
serve sideband scattering rates of 20 Hz for Stokes and
100 Hz for anti-Stokes, corresponding the the ratio R = 5.
As we increase the broadening to Γopt/2pi = 11 kHz, the
detected rates arrive at 215 Hz for Stokes and 260 Hz for
anti-Stokes corresponding to a ratio of R = 1.2. In-
creased optical broadening also leads to reduced trans-
mission through the filter setup, as compared with raw
rates given by Eq. (3), which is due to the optically-
broadened scattered light getting slightly "clipped" by
the filtering system response. We model this loss by in-
tegrating a normalized Lorentzian spectrum with a width
Γopt centered around Ωm with L(Ω− Ωm)4:
t(Γopt) =
∫
L(Ω− Ωm)4 2
piΓopt
Γ2opt/4
(Ω− Ωm)2 + Γ2opt/4
dΩ
=
κf
(
5Γ3opt + 20Γ
2
optκf + 29Γoptκ
2
f + 16κ
3
f
)
16(Γopt + κf)4
.
(6)
This reduction is the same for Stokes and anti-Stokes
sidebands, and thus it does not affect the ratio R. We
find that the optical spring effect shifting the effective
mechanical resonance frequency is below 3 kHz has a neg-
ligible effect on count rates for a fixed detuning of the
filter system. In all cases we subtract the independently
measured dark count rate of 15.5± 0.5Hz. The over-
all detection efficiency of the entire system is estimated
to be η ≈ 2.5%, consisting of optomechanical cavity
outcoupling (75%), fiber transmission/coupling (60%),
filtering system (30% for cavities and 50% for incou-
pling/outcoupling) and SPCM efficiency (35%). We note
that the room for improvement of these efficiencies lies
mostly in optics of the filtering system and SPCM effi-
ciency.
Finally, we calculate the ratio R and estimate the mean
phonon occupancy as given by Eq. (4) and plotted in
Fig. 5(b). The estimated phonon occupation n¯est is accu-
rately described following a fit of Eq. (5). The mechanical
occupation finally reaches a value of n¯est = 0.23± 0.02
at Γopt/2pi = 11.0 kHz corresponding to Cq ≈ 22, as esti-
mated from calibrated parameters. The only free param-
eter of the theory is the the temperature of the phononic
bath, determined to be T = 8.8± 0.5 K, which is con-
sistent with previous works involving similar mechani-
cal systems [13]. The minimum occupation achievable
with sideband cooling, often referred to as the back-
action limit, lies at n¯ba = (A−/A+ − 1)−1 ≈ 0.185 for our
case. We thus observe a strong suppression of the classi-
cal sideband asymmetry due to the mechanical oscillator
motion being primarily driven by the radiation-pressure
shot noise.
7Phonon correlation interferometry
Lastly, we concentrate on statistical properties of light
emitted from the high-Q mechanical mode. We set
Γopt/2pi = 2.1 kHz and park the filter at the anti-Stokes
sideband. We collect a total of 18× 103 counts at a
count rate of 90Hz, and look at coincidences between
counts as a function of the delay time τ . Since we
only use a single detector, we reject the events for which
|τ | < 500 ns, in order to avoid effects of dead time of the
SPCM and afterpulsing. This time is still much shorter
than any dynamics present in the system, and thus we
can extrapolate our results on the coincidence rate to
the zero-delay value. We analyze the coincidences in
terms of the second-order Glauber correlation function
g(2)(τ) = 〈aˆ†(0)aˆ†(τ)aˆ(0)aˆ(τ)〉/〈aˆ†(0)aˆ(0)〉〈aˆ†(τ)aˆ(τ)〉.
Light scattered by a single mechanical mode in thermal
equilibrium has thermal statistics, as described by the
following second-order correlation function:
g(2)(τ) = 1 +A exp(−2|τ |/τC) = 1 +A exp(−Γopt|τ |),
(7)
where τC = 2/Γopt is the coherence time of light, with
g(2)(0) = 2 for A = 1. For a multimode thermal
state, one would expect a multi-exponential or oscilla-
tory decay. Our measurement, shown in Fig. 6, shows
a single-exponential decay with a decay time matching
the optically-broadened linewidth and exhibits g(2)(0) =
1.88 ± 0.08 (obtained from a fit of Eq. (7) with A and
τC as free parameters), which is close to the theoretical
value of 2, indicating the high purity and single-mode
behavior of the measured thermal state of light. The op-
tical coherence time of τC = 143± 18 µs (corresponding
to an optical linewidth of 2.2± 0.3 kHz), closely matches
the optical broadening of the mechanical oscillator, inde-
pendently measured by OMIT to be Γopt/2pi = 2.1 kHz.
This feature confirms our system’s potential for produc-
ing non-Gaussian quantum states of light and of motional
degrees of freedom. We attribute the residual discrep-
ancy to the dark counts that exhibit Poissonian counting
statistics.
CONCLUSIONS AND OUTLOOK
We have demonstrated a versatile optomechanical sys-
tem where an ultracoherent high-Q mechanical resonator
is subject to both discrete and continuous variable mea-
surements, paving the road towards generation of a wide
range of non-classical states of motion. We have directly
demonstrated selection of photons scattered from a single
mechanical mode by heterodyne spectroscopy, as well as
by second-order single-photon intensity interferometry.
The mode has been optically cooled to a final phonon
occupation of 0.23 ± 0.02, which has been measured us-
ing Raman-ratio thermometry via photon counting. Our
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FIG. 6. Second-order autocorrelation measurements of the
spectrally-filtered anti-Stokes photons from the high-Q me-
chanical mode. We estimate g(2)(0) = 1.88± 0.08 and optical
coherence time τC = 143± 18µs. Error bars in the plot are
inferred from statistical uncertainties of Poissonian counts,
while shading for the fitted curve corresponds to three s.d.
confidence bounds.
work marks the first application of phonon counting tech-
niques to low-frequency mechanical resonators, paving
the way towards generation of non-Gaussian mechanical
states [17, 29] and studying related decoherence processes
[18–20], for which the relatively larger mass of our sys-
tem, as compared to GHz-frequency resonators [15, 41],
is a clear asset.
The path towards generating non-Gaussian macro-
scopic quantum states in our system presents additional
technical challenges. The mean phonon occupation of
0.23 demonstrated here is at best borderline for demon-
strating non-classical features [29]. The main step will be
employing a narrower optomechanical cavity, to simul-
taneously allow better sideband cooling to at least 0.1
phonons in the fully sideband-resolved regime (κ/2pi ∼
300 kHz for which n¯ba ∼ 0.003) and high degree of se-
lectivity of Stokes or anti-Stokes processes. In such a
regime, the technical noise of the laser is expected to start
limiting the occupation [42]. Furthermore, performing
Raman-ratio thermometry will require photon detectors
with very low (< 1/s) dark count rates.
The ultra-narrowband filtering technique we developed
can become useful in many different optomechanical sys-
tems, ranging from other low-frequency devices such as
trampoline resonators [43], to macroscopic levitated par-
ticles [44], as well as atomic ensembles [45, 46] and ionic
or defect emitters in solid state [47]. In the case of atomic
ensembles, optical cavities are routinely used to distill
weak quantum light [48], but ultra-narrowband filters,
such as demonstrated here, would be required to employ
photon counting techniques for quantum memories oper-
ating in the spin-exchange relaxation free (SERF) regime
[49, 50] or based on motional averaging [12, 51], for exam-
ple. Narrowband filtering can be beneficial for solid-state
8emitters as well, allowing better understanding of their
optical properties [52, 53], as well as enabling spectrally-
based selection of single emitters from an ensemble [54].
Narrowband photonic states demonstrated here can be
directly interfaced with material systems of long coher-
ence times, facilitating long-distance quantum commu-
nication. Ultimately, they can also be used in hybrid
quantum networks [31, 55] to generate entangled states
via heralded photon counting.
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SUPPLEMENTARY MATERIAL
IMPLEMENTATION OF THE FILTERING
SYSTEM
Construction and material
We have chosen Invar 36 (1.3912) as the material
for the construction of the spacers for our filtering res-
onators. Invar provides a low coefficient of thermal ex-
pansion of < 1.5 ppm/K [56] at room temperature, while
being significantly easier to machine, more robust, avail-
able and economic than higher-grade low-expansion ma-
terials such as ULE glass [57, 58]. In order to achieve a
length of 60 cm, we have constructed each cavity out of
three pieces that are joined by two threaded connections
as shown in Fig. 7.
FIG. 7. Design of a filtering cavity. The resonator’s main
body (top) is composed of 3 parts joined by threads (central
inset). One of the mirrors is pressed directly against the main
body (left inset), while the other is positioned on a piezo-
transducer to allow for cavity locking (right inset).
Vibration isolation
The cavities are placed inside four long cylindrical vac-
uum tubes (KF40) that are part of the same vacuum
system. Given the substantial length of each filtering
resonator, they are susceptible to vibrations at their first
and second bending mode frequencies (260Hz and 720Hz
respectively). To isolate the system from external pertur-
bations, we employ damped spring supports. There, each
cavity is supported from below at its Airy points by two
mounts of two soft springs each (5N/mm), as shown in
Fig. 8. This method gives a cavity-spring oscillation fre-
quency of approximately 10Hz and translates into a re-
jection of more than 52 dB of power of external vibrations
at the frequency of the first flexural mode of the spacer.
To dampen the remaining 10Hz oscillations, we employ a
cellulose (cotton) layer on top of each cavity, has proven
to have minimal outgassing in our vacuum conditions of
1× 10−4 hPa. The resulting stability and vibration im-
munity is excellent, allowing normal alignment work to
be performed on any given cavity while locking other cav-
ities and using light transmitted through them.
FIG. 8. Damped spring cavity support. The two soft springs
on the bottom give the cavity-spring system a resonance fre-
quency of 10Hz and block external high-frequency vibrations.
The cellulose damper (top of the cavity) dampens the remain-
ing 10Hz cavity-spring vibrations. This damper is tightly
inserted between the top of the filter cavity and the inner
surface of the vacuum tube.
Dither-locking
In order to lock all four cavities on resonance, we use
the well-known technique of dither-locking, functionally
equivalent to low-frequency Pound-Drever-Hall locking
[59]. Here, a periodic ∼ 1 kHz modulation is applied
to each filter’s piezoelectric transducer, therefore modu-
lating each cavity’s resonance frequency. The reflected
light intensity is detected and demodulated, as shown in
Fig. 9. This produces an error signal that is directly re-
lated to the derivative of each cavity’s reflection func-
tion. By using slightly different modulation frequen-
cies for different cavities, interference of signals between
the different dither drives is avoided. This technique,
when compared to the conventional Pound-Drever-Hall
scheme, has the advantage of not requiring an electro-
optical modulator before each cavity, which would other-
wise introduce significant losses and complexity into the
optical setup. Low-level locking functionality, including
modulation, demodulation, and feedback, is implemented
digitally in ARM-based microcontroller boards (Arduino
11
Due) attached to each filter cavity, while high-level coor-
dination of the four microcontroller boards is performed
by a Python application running on computer.
The full locking procedure consists of the following
steps. In the beginning, the first cavity is scanned us-
ing its piezo transducer in order to find several of its
TEM00 fundamental optical resonances (3 to 4 free spec-
tral ranges are scanned). Locking light is generated from
a common laser with a pair of frequency-tuned acousto-
optic modulators (AOMs). Once the optical resonances
have been identified, the first cavity is locked on the
side of one of those resonances, i.e. with a detuning of
∆ = κf/2. Once lock is confirmed to be stable, dither-
ing is enabled and the new dither-derived error signal is
used to lock the cavity on its resonance (∆ = 0). With
light being transmitted through the first cavity, the next
cavity is now locked via the same procedure, and so on.
While lock light is being used, one mechanical shutter [33]
blocks this light from going to the fragile SPCM, and a
second shutter prevents any spurious back-reflections of
lock light from propagating into the sensitive optome-
chanical system.
When performing photon-counting measurements, lock
light is disabled by turning off the AOM drives that gen-
erate it, and the locks of the filter cavities are switched
into the dead-reckoning („frozen lock”) mode. The op-
tical paths to the SPCM and the optomechanical setup
are subsequently opened to allow the signal to propagate
through the filters.
After several seconds of passive stability and pho-
ton collection, we close the mechanical shutter to block
the input to the SPCM and re-enable the locking light.
The dither-locking is then re-engaged and the four cav-
ities, still being in the vicinity to their resonances, are
promptly brought back to resonance within less than
500ms, as shown in Fig. 10.
PID
PZT 44 PBS
FIG. 9. Dither-lock scheme for filter cavities. The light re-
flected from the cavity is redirected towards the photodetec-
tor. The length of the cavity is modulated by the piezoelectric
transducer (PZT). The resulting reflection signal is digitally
demodulated and used to lock the resonator on resonance.
Measurement of passive stability
To be useful in pulsed protocols involving photon
counting, the filtering setup must be stable enough to
operate without any reference light input ("frozen lock"
regime) while photons are being counted. In this regime,
active piezo feedback is paused and the reference lock
light is disabled. The cavities’ length then evolves freely,
and it is crucial that all cavities remain sufficiently close
to their resonances during the relevant timescale.
On average, the relative transmission of the entire filter
system decays to 50% in more than 4 seconds, as shown
in Fig. 10, and in 90% of the cases, the relative transmis-
sion of the full filter system stays above 80% for approx-
imately 1 second. Importantly, 1 second is more than
3000 times longer than the next slowest experimental
timescale, namely the 0.3ms decoherence time of our me-
chanical resonator, given by T1 = ~Q/(kBT ) [30], where
we assume a bath temperature of 9K and a Q-factor of
380× 106.
During data acquisition, a lock freezing time of 1.5 s
was used. With this setting, the relative efficiency of
the filters is 92 ± 6% (averaged over the freezing inter-
val). Notably, a typical experimental run is comprised
of many lock-freeze cycles, which permits us to average
out technical fluctuations (e.g. filter system transmis-
sion) and Poissonian count rate fluctuations. Statistical
properties of the ensemble of these cycles then allow us
to accurately estimate the uncertainty on photon rates,
as well as dark count rate.
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FIG. 10. Transmission of the four-cavity filtering system over
4 s after freezing the locking feedback loop. Feedback is active
for times before 0 s and after 4 s, showing the high passive sta-
bility of the system during dead-reckoning. The background
color plot corresponds to the probability density of relative
transmission.
